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Highlights
Changes in leaf anatomy are associated with drought tolerance.
Anatomical characteristics as a new tool to identify genetic divergence.
Anatomical characteristics identify early drought-tolerant genotypes.
Abstract
Knowledge of the expression of traits associated with drought tolerance is important to mitigate impacts 
on coffee production in a climate change scenario. This study aimed to understand the genetic divergence 
between Coffea canephora genotypes grown in the Western Amazon based on leaf vegetative and 
anatomical traits. For this, fifteen high-performance genotypes were evaluated in a randomized block 
design with five replications of one plant per plot to analyze three leaf vegetative traits (leaf area index, 
root volume, and total dry mass) and five leaf anatomical traits (polar and equatorial diameter, density 
and number of stomata, and stomatal area). The data were interpreted using analysis of variance and 
the Scott-Knott mean cluster test (p ≤ 0.05). The Tocher optimization method and principal component 
analysis with reference points were used to quantify the genetic divergence. Tocher clustering separated 
the fifteen clones into five groups, and the scatter in the plane into three groups. Stomatal density was the 
trait that most contributed to the dissimilarity between genotypes with the potential to be used in future 
studies for the selection of water deficit-tolerant genotypes. The BRS 3213 genotype showed the greatest 
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genetic dissimilarity and composed a group isolated from the other genotypes in terms of anatomical 
characteristics. Hybrids 12 and 15 have leaf anatomical traits with higher drought tolerance potential.
Key words: Tolerance. Leaf anatomy. Stomatal density. Drought resistance.
Resumo
O conhecimento da expressão de características associadas a tolerância a seca é importante para mitigar 
os impactos na produção cafeeira em um cenário de mudanças climáticas. Objetivou-se com o presente 
trabalho entender a divergência de natureza genética entre genótipos de Coffea canephora cultivados 
na Amazônia Ocidental, com base em características vegetativas e anatômicas foliares. Para isso, quinze 
genótipos foram avaliados em delineamento de blocos casualizados com cinco repetições de uma planta 
por parcela, para análise de três características vegetativas (área foliar, volume de raiz, massa seca total) e 
cinco características anatômicas foliares (diâmetro polar e equatorial; densidade e número de estômatos 
e área estomática). Os dados foram interpretados utilizando análise de variância e o teste de Scott-Knott 
(p ≤ 0,05). Para quantificar a divergência genética foi interpretado o agrupamento estimado pelo método 
de otimização de Tocher e a dispersão no plano obtida utilizando a técnica de componentes principais. O 
agrupamento de Tocher separou os 15 clones em cinco grupos, e a dispersão no plano em três grupos. 
A densidade estomática foi a característica que mais contribuiu para a dissimilaridade entre os genótipos 
com potencial para ser utilizada em estudos futuros de seleção de genótipos tolerantes ao déficit hídrico. 
O genótipo BRS 3213 apresentou maior dissimilaridade genética, constituindo um grupo isolado dos 
demais genótipos quanto as características anatômicas. Os Híbridos 12 e 15 apresentam características 
anatômicas foliares com maior potencial de tolerância a seca. 
Palavras-chave: Tolerância. Déficit hídrico. Anatomia foliar. Densidade de estômatos.
Introduction
Coffee is commercially produced 
from the cultivation of two species: Coffea 
arabica L. and Coffea canephora Pierre ex A. 
Froehner (International Coffee Organization 
[ICO], 2019). Despite the higher adaptability 
of Coffea canephora to tropical regions (high 
temperatures and low altitude), modeling 
studies point to considerable reductions in 
areas suitable for coffee production due to 
the climate change effects (Bunn, Laderach, 
Rivera, & Kirschke, 2015; Craparo, Van Asten, 
Läderach, Jassogne, & Grab, 2015). An increase 
in global temperature is predicted among the 
effects, accompanied by changes in rainfall 
patterns and the frequency of prolonged 
episodes of drought (Intergovernmental Panel 
on Climate Change [IPCC], 2014).
Several studies have pointed to 
positive perspectives regarding C. arabica 
and C. canephora production on the increase 
in temperature and atmospheric CO2 (Martins 
et al., 2016; W. P. Rodrigues et al., 2016b, 
2018; Scotti-Campos et al., 2019). However, 
the fundamental strategy regarding drought 
remains plant selection for the production of 
new water stress-tolerant cultivars (DaMatta, 
Avila, Cardoso, Martins, & Ramalho, 2018). The 
long life cycle and productive bienniality of 
coffee make the development of new cultivars 
a process that takes several years, a worrying 
fact in a scenario of changes that are already 
underway.
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Drought tolerance has already been 
found in the species C. racemosa, arabica 
coffee with introgression by C. racemosa 
(Medina et al., 1977; Melo, Fernandes-Brum, 
Pereira, Castro, & Chalfun, 2014; Carvalho et 
al., 2017), and wild arabica coffee from Ethiopia 
(Queiroz-Voltan, Nardin, Fazuoli, & Braghini, 
2014; Carvalho et al., 2017). Drought tolerance 
was also identified in some C. arabica with 
introgression by C. liberica, such as the coffee 
BA-10 and cultivar IPR 100 (Mazzafera & 
Carvalho, 1987; Carvalho et al., 2017), and 
those with introgression by C. canephora, such 
as the cultivars IAPAR 59 (Freire, Marraccini, 
Rodrigues, & Andrade, 2013; Carvalho et al., 
2017), IPR 98, and IPR 103 (Carvalho et al., 
2017).
Leaf anatomy studies associated 
with vegetative traits provide support for 
the identification of promising genotypes, 
considering early selection and the use of 
selection indices that consider the combination 
of various characteristics as selection criteria, 
seeking to identify genotypes that present 
a set of favorable characteristics (Gama, 
Sales, Castanheira, Silveira, & Azevedo, 2017; 
Oliveira, Meyerb, Afonso, & Gonçalves, 2018; 
Viana et al., 2018a,b; Locatelli et al., 2019).
In the case of drought tolerance, the 
association of leaf and anatomical traits has 
shown to be promising as criteria for the 
selection of C. arabica (Castanheira et al., 
2016) and C. canephora (Giles et al., 2019) 
genotypes. The presence of a higher number 
of stomata, density, and change in the size of 
polar and equatorial diameters can provide 
plants with drought tolerance by contributing 
to an equilibrium between gas exchanges 
and allowing higher photosynthetic efficiency 
(L. A. Batista, Guimaraes, Pereira, Carvalho, & 
Castro, 2010). Likewise, the polar diameter to 
equatorial diameter ratio determines stomatal 
functionality. In other words, high values for 
this ratio indicate that the stomata acquired a 
more ellipsoid shape (Castro, Pereira, & Paiva, 
2009). Thus, the more elliptical morphology 
of stomata provides less water loss to the 
environment (Castanheira et al., 2016) and, at 
the same time, enables CO2 capture.
In this scenario, methodologies based 
on principal components are used seeking 
to reduce the dimensionality of the original 
variables, representing the original variability 
in a scatter in the plane with few axes (Covre 
et al., 2016; W. P. Rodrigues, Vieira, Teodoro, 
Partelli, & Barbosa, 2016a; Rodrigues, 
Brinate, Martins, Colodetti, & Tomaz, 2017; 
Starling et al., 2019). Thus, this study aimed 
to quantify the genetic divergences between 
Coffea canephora genotypes based on leaf 
vegetative and anatomical traits to establish 




The experiment was conducted in a 
greenhouse belonging to Embrapa Rondônia 
(longitude 8°48’15’’ S and latitude 63°51’5’’ W), 
located in the municipality of Porto Velho, RO, 
Brazil. The climate of the region is Am, that is, 
a tropical monsoon climate, according to the 
Köppen classification, with a rainy summer 
(October to May) and dry winter (June to 
September). The mean monthly temperatures 
range from 26 °C in the summer to 24 °C in the 
winter. The mean annual precipitation is 2.498 
mm (Alvares, Stape, Sentelhas, Gonçalves, 
& Sparovek, 2013). The data on maximum, 
mean, and minimum temperatures (°C), relative 
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humidity (%), solar radiation (KJ m−2), and wind 
(m s−1) (Figure 1) throughout the experimental 
period (June to November 2017) were provided 
by the weather station of the Instituto Nacional 
de Meteorologia (INMET, 2020) headquartered 
at the Embrapa Rondônia experimental station.
Fifteen high-performance genotypes 
of C. canephora, belonging to the robusta 
and conilon botanical variety, were evaluated 
considering a completely randomized block 
design with five replications of one plant per 
plot.
The C. canephora seedlings were 
maintained under greenhouse conditions 
using polyethylene containers with an 18-dm3 
volumetric capacity filled with soil previously 
corrected for conilon and robusta coffee 
cultivation in the state of Rondônia, according 
to the recommendations of Espindula et al. 
Castro, 2010). Likewise, the polar diameter to equatorial diameter ratio determines stomatal functionality. In 
other words, high values for this ratio indicate that the stomata acquired a more ellipsoid shape (Castro, 
Pereira, & Paiva, 2009). Thus, the more elliptical morphology of stomata provides less water loss to the 
environment (Castanheira et al., 2016) and, at the same time, enables CO2 capture. 
In this scenario, methodologies based on principal components are used seeking to reduce the 
dimensionality of the original variables, representing the original variability in a scatter in the plane with few 
axes (Covre et al., 2016; W. P. Rodrigues, Vieira, Teodoro, Partelli, & Barbosa, 2016a; Rodrigues, Brinate, 
Martins, Colodetti, & Tomaz, 2017; Starling et al., 2019). Thus, this study aimed to quantify the genetic 
divergences between Coffea canephora genotypes based on leaf vegetative and anatomical traits to establish 
criteria for the early selection of water deficit-tolerant genotypes. 
 
Material and Methods 
Experimental design 
The experiment was conducted in a greenhouse belonging to Embrapa Rondônia (longitude 
8°48′15″ S and latitude 63°51′5″ W), located in the municipality of Porto Velho, RO, Brazil. The climate of 
the region is Am, that is, a tropical monsoon climate, according to the Köppen classification, with a rainy 
summer (October to May) and dry winter (June to September). The mean monthly temperatures range from 
26 °C in the summer to 24 °C in the winter. The mean annual precipitation is 2.498 mm (Alvares, Stape, 
Sentelhas, Gonçalves, & Sparovek, 2013). The data on maximum, mean, and minimum temperatures (°C), 
relative humidity (%), solar radiation (KJ m−2), and wind (m s−1) (Figure 1) throughout the experimental 
period (June to November 2017) were provided by the weather station of the Instituto Nacional de 
Meteorologia (INMET, 2020) headquartered at the Embrapa Rondônia experimental station. 
Fift en high-performa ce genotypes of C. anephora, belonging to the robusta an  conilon 
botanical variety, were evaluated considering a completely randomized block design with five replications of 
one plant per plot. 
 




Figure 1. Accumulated precipitation (mm); Temperature (°C); Relative humidity (%); Wind, hourly speed 
(m s−1); June; July; August; September; October; November; Maximum; Mean; Minimum. 
 
The C. canephora seedlings were maintained under greenhouse conditions using polyethylene 
containers with an 18-dm3 volumetric capacity filled with soil previously corrected for conilon and robusta 
c ffee cultivation in the state of Rondônia, according to the recommendations of Espindula et al. (2015) and 
nutritional requirements, according to the methodology proposed by Novais, Neves and Barros (1991). 
Water replacement to 100% of the field capacity was carried out whenever the soil moisture 
reached 75%, which was evaluated by the difference in pot mass. 
 
Genetic material 
The genotypes were obtained from targeted hybridizations carried out in 2004 (Teixeira et al., 
2017), followed by the evaluation of plants under experimental conditions in the period from 2005 to 2012 
(Teixeira et al., 2017) and field evaluations in different environments of the Western Amazon carried out 
from 2013 to 2019 (Espindula et al., 2019). The genotypes identified by the prefix BRS were registered in 
the National Plant Variety Registry (RNC) of the Ministry of Agriculture, Food Supply and Livestock 
(MAPA) due to their superior productive potential and agronomic characteristics favorable to cultivation 
(Table 1) (Teixeira et al., 2020). The registered genotypes were named in this study identically to those 
registered in the RNC. Hybrids 9, 12, and 15 are from the Embrapa Rondônia germplasm bank. 
 
Evaluation of vegetative traits 
The following traits were evaluated after 150 days of growth in the greenhouse: root system 
volume (cm3) in a container with known water volume; leaf area (cm2), estimated non-destructively using 
linear models (Barros, Maestri, Vieira, & Braga, 1973; Brinate et al., 2015); and biomass production (g 
plant−1), estimated from the mass of roots, stems, and leaves, which were dried in a forced-air ventilation 
oven at 65 °C until reaching a constant weight, determined on a precision analytical balance. 
 
Evaluations of leaf anatomy 
Figure 1. Accumulated precipitation (mm); Temperature (°C); Relative humidity (%); Wind, hourly 
speed (m s−1); June; July; August; September; October; November; Maximum; Mean; Minimum.
(2015) and nutritional requirements, according 
to the methodology proposed by Novais, 
Neves and Barros (1991).
Water replacement to 100% of the field 
ca acity was carri d out whenever the soil 
moisture reached 75%, which was evaluated 
by the difference in pot mass.
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Genetic material
The genotypes were obtained from 
targeted hybridizations carried out in 2004 
(Teixeira et al., 2017), followed by the evaluation 
of plants under experimental conditions in 
the period from 2005 to 2012 (Teixeira et 
al., 2017) and field evaluations in different 
environments of the Western Amazon carried 
out from 2013 to 2019 (Espindula et al., 2019). 
The genotypes identified by the prefix BRS 
were registered in the National Plant Variety 
Registry (RNC) of the Ministry of Agriculture, 
Food Supply and Livestock (MAPA) due to their 
superior productive potential and agronomic 
characteristics favorable to cultivation 
(Table 1) (Teixeira et al., 2020). The registered 
genotypes were named in this study identically 
to those registered in the RNC. Hybrids 9, 
12, and 15 are from the Embrapa Rondônia 
germplasm bank.
Evaluation of vegetative traits
The following traits were evaluated 
after 150 days of growth in the greenhouse: 
root system volume (cm3) in a container with 
known water volume; leaf area (cm2), estimated 
non-destructively using linear models (Barros, 
Maestri, Vieira, & Braga, 1973; Brinate et al., 
2015); and biomass production (g plant−1), 
estimated from the mass of roots, stems, 
and leaves, which were dried in a forced-
air ventilation oven at 65 °C until reaching a 
constant weight, determined on a precision 
analytical balance.
Evaluations of leaf anatomy
Six fully expanded leaves taken from 
the third node of plagiotropic branches from 
the apex to the base were used after 150 
days of growth in a nursery. After collection, 
paradermal sections were obtained by means 
of impressions made by Super Bonder® 
adhesive using polished matte slides. Three 
slides were prepared per leaf and six fields were 
evaluated per slide using a 40x magnification 
objective lens. Subsequently, these slides 
were observed and photographed under an 
Olympus BX 41 optical microscope equipped 
with a digital camera.
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Table 1
List of genotypes, genealogy, and date of registration of Coffea canephora genotypes in the National 
Plant Variety Registry
Genotype Origin Genealogy Registry
BRS - 1251 Cultivar BRS Ouro Preto Open pollination 2013
BRS - 160 Cultivar BRS Ouro Preto Open pollination 2013
BRS 12162 Cultivar Robustas Amazônicos Emcapa03xRobusta1675 2019
BRS 2299 Cultivar Robustas Amazônicos Open pollination 2019
BRS 2314 Cultivar Robustas Amazônicos Emcapa03xRobusta640 2019
BRS 2336 Cultivar Robustas Amazônicos Open pollination 2019
BRS 2357 Cultivar Robustas Amazônicos Open pollination 2019
BRS 3137 Cultivar Robustas Amazônicos Open pollination 2019
BRS 3193 Cultivar Robustas Amazônicos Open pollination 2019
BRS 3210 Cultivar Robustas Amazônicos Emcapa03xRobusta2258 2019
BRS 3213 Cultivar Robustas Amazônicos Emcapa03xRobusta2258 2019
BRS 3220 Cultivar Robustas Amazônicos Emcapa03xRobusta1675 2019
Hybrid 9 Germplasm bank Emcapa03xRobusta640 Not registered
Hybrid 12 Germplasm bank Emcapa03xRobusta2258 Not registered
Hybrid 15 Germplasm bank Emcapa03xRobusta2258 Not registered
1Genotypes BRS 125 and BRS 160 were registered together with 13 other genotypes to form the multi-clonal cultivar 
Conilon – BRS Ouro Preto (Ramalho, Rocha, Veneziano, & Santos, 2014). 2The genotypes released in 2019 were registered 
individually as a monoclonal cultivar (Espindula et al., 2019).
The images were analyzed by the 
specific software for image analysis Q-Capture 
to obtain the evaluation of the following traits: 
number of stomata (NS), stomatal density 
(SD – number of stomata per unit area), polar 
diameter (PD, µm), equatorial diameter (ED, 
µm) (Castro et al., 2009), and stomatal area 
index (SAI = PD × ED) (Sack & Buckley, 2016).
Genetical diversity
Estimates of the F-test of analysis of 
variance, the environmental coefficient of 
variation (CVe), and the genetic coefficient of 
variation (CVg) and heritability (h) of the traits 
were considered. The means were grouped 
using the Scott-Knott test (p≤0.05).
The Mahalanobis generalized distance 
was used to estimate the divergence between 
genotypes (Cruz & Regazzi, 1997), and the 
Tocher algorithm (Rao, 1952 cited by Cruz 
& Regazzi, 1997) was used for clustering 
with maximum variability between groups 
and minimum variation within groups. The 
principal component technique was used 
to reduce the dimensionality of the data to 
represent the genotypes in a scatter in the 
plane, associated with reference points that 
represent the maximum and minimum values 
of the evaluated traits (Cruz & Regazzi, 1997; 
Rocha, Muro-Abad, Araujo, & Cruz, 2005). 
Analyses were performed using the GENES 
software (Cruz, 2016).
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Table 2
Summary of analysis of variance and genetic parameters of leaf and vegetative morpho-anatomical 
traits in Coffea canephora genotypes
Trait F Mean CVg CVe CVg/CVe h
2
Polar diameter 4.50** 22.54 6.15 8.05 0.76 77.79
Equatorial diameter 1.65* 12.63 2.99 9.08 0.33 39.52
Stomatal area 3.15** 286.41 9.17 15.33 0.60 68.24
Stomatal density 9.12** 20.01 15.18 13.05 1.16 89.03
Total dry mass 14.97** 42.92 13.26 8.69 1.53 93.32
Root system volume 11.39** 52.14 17.40 13.22 1.32 91.22
Leaf area 13.97** 5635.79 11.29 7.68 1.47 92.84
Number of stomata 9.12** 72.44 15.18 13.05 1.16 89.03
F: F statistic value calculated from the analysis of variance; CVg: genetic coefficient of variation; CVe: experimental 
coefficient of variation; CVg/CVe: genetic to experimental coefficient of variation ratio; h2: heritability. *5% significance; 
**1% significance.
Results and Discussion
The genotypes showed significant 
differences (p≤0.05) for all the evaluated 
anatomical and vegetative traits (Table 
2). These results show the existence of 
genetic variability between C. canephora 
genotypes grown in Western Amazon. The 
characterization of genetic variability in the 
population is important because it allows its 
use in breeding programs (Nascimento, Gurgel, 
Bhering, & Ribeiro, 2014; N. S. Oliveira et al., 
2015), identifying genotypes that can be used 
for the selection of traits of interest within and 
out of populations (Giles et al., 2019).
Estimates of experimental coefficient 
of variation (CVe) ranged from 7.68 to 15.33%, 
indicating that some traits have a quantitative 
character, that is, they are more influenced by 
environmental effects. Only the stomatal area 
(15.33%) presented environmental variance 
higher than genetic variance among the 
analyzed traits, unlike what was observed in 
another study (Giles et al., 2019).
Moreover, estimates of the genetic 
coefficient of variation (CVg) ranged from 2.99 
to 17.40%, in which the root volume, number of 
stomata, and stomatal density presented the 
highest estimates, with values of 17.40, 15.18, 
and 15.18%, respectively (Table 2). The genetic 
coefficient of variation (CVg) is a relationship 
between the genetic standard deviation and 
the experimental mean, interpreted compared 
with the experimental coefficient of variation. 
Relationships between CVg and CVe close to 
or higher than the unity indicate a favorable 
condition for obtaining gains from plant 
selection, as they are more associated with 
the contribution of genetic components than 
with environmental variations (Nascimento et 
al., 2014; Rodrigues et al., 2017). This condition 
was observed for stomatal density, total dry 
mass, root system volume, leaf area, number 
of stomata, and polar diameter (Table 2).
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Estimates of heritability (h2), which 
measures the relationship between genotypic 
and phenotypic variance, showed high values 
for almost all the evaluated traits, except for 
equatorial diameter (h2=39.52) (Nascimento 
et al., 2014; Rodrigues et al., 2017). These 
results reinforce the possibility of selecting 
superior genotypes with a higher degree of 
safety for the desired traits, as they represent 
less environmental interference on traits and 
higher participation of the genotype in total 
variability (N. S. Oliveira et al., 2015; Ferreira, 
Viana, Silva, Santos, & Santos, 2016).
The Scott-Knott test evidenced 
differences between genotypes for the 
analyzed leaf anatomical and agronomic traits 
(Table 3). These phenotypic differences allowed 
grouping the genotypes into homogeneous 
groups according to their performance for 
each evaluated trait (Giles et al., 2019).
The stomatal density (SD) values 
ranged from 14.81 to 26.21 stomata mm−2 
(Table 3). The variation in the number of stomata 
(NS) ranged from 53.66 to 95. Both SD and 
NS resulted in the formation of three distinct 
groups composed of the same genotypes. A 
group with the lowest values represented by 
the genotypes BRS OPO 160, BRS 2314, BRS 
Table 3
Leaf anatomical traits of 15 genotypes of Coffea canephora grown in Western Amazon
Genotype
PD1 ED1 AE1 DE1
NE1
µm µm μm2 No. stomata mm−2
BRS OPO 125 21.10c 11.96b 252.23b 22.70b 82.16b
BRS OPO 160 21.93c 13.15a 289.88a 16.78c 60.83c
BRS 1216 21.41c 12.05b 259.46b 20.06b 72.66b
BRS 2299 23.13b 12.40b 289.90a 23.00b 83.25b
BRS 2314 22.10c 13.08a 290.21a 14.81c 53.66c
BRS 2336 21.66c 12.08b 262.78b 26.21a 95.00a
BRS 2357 21.78c 12.35b 269.58b 19.33c 70.00c
BRS 3137 22.93b 12.60b 288.58a 15.91c 57.66c
BRS 3193 23.81b 13.08a 311.81a 22.18b 80.41b
BRS 3210 19.46c 11.53b 224.88b 22.78b 82.50b
BRS 3213 26.31a 13.66a 360.55a 17.16c 62.16c
BRS 3220 23.43b 12.18b 285.28a 18.50c 66.91c
Hybrid 9 22.45c 13.05a 292.65a 17.40c 63.08c
Hybrid 12 22.45c 12.96a 295.50a 20.80b 75.33b
Hybrid 15 24.18b 13.28a 322.91a 22.35b 81.00b
1Means followed by the same letters in the columns do not differ from each other by the Scott-Knott test (p≤0.05). PD: 
polar diameter; ED: equatorial diameter; SA: stomatal area; SD: stomatal density; NS: number of stomata.
2357, BRS 3137, BRS 3213, BRS 3220, and 
Hybrid 9, followed by an intermediate group 
consisting of the genotypes BRS OPO 125, 
BRS 1216, BRS 2299, BRS 3193, BRS 3210, 
Hybrid 12, and Hybrid 15, and a third group 
formed by the genotype BRS 2336, with higher 
stomatal density and number of stomata.
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One of the highest impediments 
for coffee production under water deficit 
conditions is precisely the drop in CO2 
assimilation due to a reduction in stomatal 
conductance. This reduction in stomatal 
conductance occurs as a function of coffee 
sensitivity to soil water availability and air 
evaporation, which induce stomatal closure 
(K. D. Batista et al., 2012; Menezes-Silva et 
al., 2017). Therefore, genotypes such as BRS 
2336, which have a higher density and number 
of stomata, may have higher photosynthetic 
efficiency under such conditions (Castro et 
al., 2009). It occurs because a higher stomatal 
density can prevent excessive transpiration 
during the time of stomatal opening and, at the 
same time, allow CO2 assimilation (L. A. Batista 
et al., 2010).
The polar diameter (PD) of stomata 
ranged from 19.46 to 26.31 µm, which allowed 
the formation of three groups in the following 
order relative to size: genotypes BRS OPO 
125, BRS OPO 160, BRS 1216, BRS 2314, 
BRS 2336, BRS 2357, BRS 3210, Hybrid 9, 
and Hybrid 12, which presented the smallest 
polar diameters, followed by a group formed 
by the genotypes BRS 2299, BRS 3137, BRS 
3193, BRS 3220, and Hybrid 15 and a group 
formed by the genotype BRS 3213, with the 
highest value observed for PD size. The values 
observed for equatorial diameter (ED) ranged 
from 11.53 to 13.66 µm, with the formation of 
only two groups. The genotypes BRS OPO 125, 
BRS 1216, BRS 2299, BRS 2336, BRS 2357, 
BRS 3137, BRS 3210, and BRS 3220, with the 
smallest sizes (Table 3), and the genotypes 
BRS OPO 160, BRS 2314, BRS 3193, BRS 
3213, Hybrid 9, Hybrid 12, and Hybrid15 were 
grouped into a group with higher ED.
Polar and equatorial diameters are 
related to the efficiency of gas exchange (L. 
A. Batista et al., 2010). The polar to equatorial 
diameter ratio influences the stomatal 
functionality, that is, the stomatal shape. A 
higher stomatal functionality indicates that 
the stomata acquired a more ellipsoid shape 
(Castro et al., 2009). This more elliptical 
morphology provides less water loss to the 
environment (Castanheira et al, 2016) and, at 
the same time, enables CO2 capture. Thus, in 
environments with less water availability, the 
genotypes BRS 3193, BRS 3213, and Hybrid 
15 would present an advantage relative to this 
stressful condition over the other evaluated 
genotypes.
The stomatal area (SA) ranged from 
224.88 to 360.55 μm2 (Table 3). This variability 
allowed the formation of two groups. Five 
genotypes (BRS OPO 125, BRS 1216, BRS 
2336, BRS 2357, and BRS 3210) were included 
in the group with the lowest values of the 
stomatal area and ten genotypes (BRS OPO 
160, BRS 2299, BRS 2314, BRS 3137, BRS 
3193, BRS 3213, BRS 3220, Hybrid 9, Hybrid 
12, and Hybrid 15) were included in a group 
with the highest values for SA, all with values 
higher than 285 μm2.
This genetic variability for anatomical 
traits among coffee genotypes detected by 
the Scott-Knott test has also been verified 
in studies with C. arabica. In these studies, 
a direct relationship was found with the 
physiology of plants and favorable conditions 
for studies of genetic divergence (Castanheira 
et al., 2016; Viana et al., 2018a).
The highest difference regarding 
vegetative traits was observed for total dry 
mass (TDM), with values ranging from 33.38 
to 54.43 mg (Table 4). This TDM variation 
allowed the formation of five distinct groups 
with the following increasing order of biomass 
accumulation: genotypes BRS OPO 160 and 
BRS 2357, followed by genotypes BRS OPO 
121 and BRS 3137, genotypes BRS 2299, BRS 
2314, BRS 2336, and BRS 3193, genotypes 
BRS 3210 and BRS 3220, and ending with 
the genotypes that presented the highest 
biomass accumulation, that is, BRS 1216 and 
Hybrid 12.
The root system volume (RV) ranged 
from 37.25 to 68.25 cm3, which allowed 
the formation of three groups. The lowest, 
intermediate, and highest values of root 
system volume were observed for genotypes 
BRS OPO 125 and BRS OPO 160 (Table 4), 
genotypes BRS 2299, BRS 2314, BRS 2336, 
BRS 2357, BRS 3137, BRS 3213, BRS 3220, 
and Hybrid 15, and genotypes BRS 1216, 
BRS 3193, BRS 3210, Hybrid 9, and Hybrid 12, 
respectively. The genotypes with the highest 
development of the root system under water 
deficit situations would be able to better 
explore the soil profile in search of water since 
adaptation to water-restricted environments 
has been related to deep and vigorous root 
systems (Blum, 2005).
The values of leaf area ranged from 
4774.85 to 6879.95 cm2 leaf−1, which allowed 
the formation of three groups. The lowest, 
intermediate, and highest values of leaf area 
were observed for genotypes BRS OPO 125, 
BRS OPO 160, BRS 2314, BRS 2336, BRS 
2357, BRS 3193, BRS 3210, and BRS Hybrid 
9, genotypes BRS 1216, BRS 3137, BRS 3213, 
and BRS 3220, and genotypes BRS 2299, 
Hybrid 12, and Hybrid 15, respectively.
Table 4
Vegetative traits of 15 genotypes of Coffea canephora grown in Western Amazon
Genotype
TDM1 RV1 LA1
g cm3 cm2 plant−1
BRS OPO 125 37.86d 37.25c 5230.33c
BRS OPO 160 33.38e 39.50c 4774.85c
BRS 1216 51.91a 65.31a 5782.21b
BRS 2299 43.38c 50.38b 6433.50a
BRS 2314 42.55c 53.58b 5049.95c
BRS 2336 42.85c 46.45b 5336.63c
BRS 2357 34.50e 46.00b 5145.53c
BRS 3137 39.50d 44.98b 5963.43b
BRS 3193 41.03c 60.11a 4768.23c
BRS 3210 45.81b 59.20a 5138.68c
BRS 3213 38.86d 49.80b 5899.36b
BRS 3220 49.33b 46.4b 6137.00b
Hybrid 9 43.68c 68.25a 5434.18c
Hybrid 12 54.43a 64.96a 6879.95a
Hybrid 15 44.71c 49.83b 6563.06a
1Means followed by the same letters in the columns do not differ from each other by the Scott-Knott test (p≤0.05). TDM: 
total dry mass; RV: root system volume; LA: leaf area.
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Some studies carried out with C. 
arabica (Schmildt, Amaral, Santos, & Schmildt, 
2015) and C. canephora (Dubberstein et al., 
2021) have shown the importance of selecting 
genotypes with larger leaves in breeding 
programs, as it is an indication of the crop 
yield potential. In this case, genotypes with 
larger leaf areas have larger surfaces for the 
light interception, which can result in higher 
photosynthetic rates and carbohydrate 
availability (Partelli, Vieira, Detmann, & 
Campostrini, 2006). However, genotype 
selection for water-restricted environments 
should not be based only on leaf area, as one 
of the observed behaviors is the reduction of 
this trait as a way to reduce water loss through 
transpiration and avoid oxidative damage.
Estimates of the relative contribution 
of anatomical and vegetative traits to genetic 
Table 5
Relative contribution of eight vegetative and anatomical traits to the genetic diversity of 15 genotypes 
of Coffea canephora grown in Western Amazon
Trait Relative contribution (%)
Stomatal density 31.4
Number of stomata 25.6






diversity ranged from 2.33 to 31.04% (Table 5). 
Stomatal density (31.4%), number of stomata 
(25.6%), and total dry mass (14.7%) were 
the traits that contributed most to genetic 
diversity.
This information has great relevance 
for the selection of promising materials, as 
the higher stomatal frequency and density 
represent an important tolerance response to 
water deficit (I. Oliveira et al., 2018; Locatelli et 
al., 2019). It occurs because a higher stomatal 
density allows the stomatal opening in a 
period in which it is possible to capture CO2 
and prevents excessive transpiration. Thus, 
the plant may show a higher efficiency in 
photosynthetic metabolism (L. A. Batista et al., 
2010).
The Mahalanobis distance (D2) was used 
as a measure of genetic dissimilarity and the 
Tocher optimization method for the clustering 
with minimum variability within groups and 
maximum variability between groups to group 
the genotypes based on the variability of all 
traits. These analyses allowed the association 
of the 15 genotypes of C. canephora into 
five distinct groups (Table 6), in which the 
genotypes BRS 3210, BRS 3213, Hybrid 12, 
and Hybrid 15, belonging to the same full-sib 
family, were located in different groups.
Araújo, L. F. B. et al.
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Table 6
Grouping according to the Tocher method from the Mahalanobis distance matrix (D2) estimated from 
the evaluation of eight vegetative and anatomical traits of 15 genotypes of Coffea canephora grown in 
Western Amazon
Group Genotype
I BRS 2299 Hybrid 15 BRS 3220 BRS 3193
II Hybrid 9 BRS 2314 BRS 3137 BRS OPO 160 BRS 2357
III BRS 2336 BRS OPO125 BRS 3210
IV BRS 1216 Hybrid 12
V BRS 3213
Anatomical traits – PD: polar diameter (µm); ED: equatorial diameter (µm); SA: stomatal area (μm2); SD: stomatal density 
(number of stomata mm−2); NE: number of stomata. Vegetative traits – TDM: total dry mass (g); RV: root volume; LA: leaf 
area (cm2 leaf−1).
The grouping of genotypes is based 
on higher similarity within groups and higher 
heterogeneity between groups. Hybridization 
of genotypes from different groups has 
a higher potential for producing breeding 
populations with a higher variability for these 
traits. The genotypes BRS OPO 125, BRS 
OPO 160, and BRS 2357, which have typical 
characteristics of the conilon botanical 
variety, were organized into groups that 
have lower values of the evaluated traits. In 
contrast, hybrid genotypes resulting from the 
hybridization between the conilon and robusta 
botanical varieties were organized into groups 
that present values higher than the mean of 
the evaluated traits.
In addition, this information is 
important, as it prevents genotypes that have 
the same pattern of genetic similarities, such 
as the group formed by genotypes BRS 2299, 
Hybrid 15, BRS 3220, and BRS 3193 (Table 
6), from being selected in future crosses, 
thus restricting the genetic variability and 
reducing the genetic gains to be obtained with 
selection (Azevedo et al., 2013). Furthermore, 
the efficient choice of genotypes for perennial 
species such as coffee prevents the work 
carried out over the years from being harmed 
(Ferreira et al., 2016).
Moreover, as a way to compare the 
effectiveness of using the traits measured 
in this research to evaluate the genetic 
variability and, above all, its use as a criterion 
for early selection of materials aimed at 
drought tolerance, the genotypes were also 
classified into three classes according to 
their performance. The principal component 
technique was used to obtain a scatter in the 
plane, which represents the grouping of C. 
canephora genotypes relative to the minimum, 
mean, and maximum performance of the traits 
(Figure 2).
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Hybrids 12 and 15 were grouped within 
the maximum classification reference because 
they presented higher values for the evaluated 
vegetative and anatomical traits (Figure 1), 
being also classified into different groups 
by the Tocher method (Table 5). The second 
and largest group consisted of genotypes 
BRS 3220, BRS 3193, BRS 2299, BRS 2314, 
BRS 3137, BRS 1216, BRS 2336, Hybrid 9, 
and BRS(OP)125, being classified within the 
reference with an intermediate classification. 
A third group was formed by genotypes BRS 
2357 and BRS(OP) 160, as they were classified 
within the reference with lower values of traits. 
The genotypes BRS 3213 and BRS 3210 did 
not group close to any reference because they 
presented high values for certain traits and 
low values for others.
perennial species such as coffee prevents the work carried out over the years from being harmed (Ferreira et 
al., 2016). 
Moreover, as a way to compare the effectiveness of using the traits measured in this research to 
evaluate the genetic variability and, above all, its use as a criterion for early selection of materials aimed at 
drought tolerance, the genotypes were also classified into three classes according to their performance. The 
principal component technique was used to obtain a scatter in the plane, which represents the grouping of C. 




Figure 2. Scatter in the plane of measured variability in eight morphological and anatomical traits of 15 
genotypes of Coffea canephora grown in Western Amazon. Points identified by a triangle represent ideal 
references, which present minimum (Min), median (Med), and maximum (Max) values for the evaluated 
traits. 
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Figure 2. Scatter in the plane of measured variability in eight morphological and anatomical traits 
of 15 genotypes of Coffea canephora grown in Western Amazon. Points identified by a triangle 
represent ideal references, which present minimum (Min), median (Med), and maximum (Max) 
values for the evaluated traits.
Notably, studies have pointed out the 
importance of using different methodologies 
to evaluate genetic variability aiming to ensure 
higher reliability of results (Azevedo et al., 
2013, 2015) and consistency in the clustering 
pattern (Nascimento e  al., 2014). In fact, this 
criterion has been observed in studies aimed 
at characterizing the genetic variability among 
coffee genotypes to select superior materials 
for desired traits (Covre et al., 2016; W. N. 
Rodrig es et al., 2017; Starling et al., 2019; 
Giles et al., 2019).
Considering the selection aiming at 
drought tolerance, genotypes BRS 3213 and 
BRS 3210 have coffee traits more sensitive 
to the negative effects of water stress. On the 
other hand, genotypes Hybrid 12 and Hybrid 
Araújo, L. F. B. et al.
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15 indicate a better gas exchange response 
under a stressful drought condition, as they 
present higher stomatal frequency and 
density. It occurs because a higher stomatal 
density and number of stomata would maintain 
an efficient photosynthetic metabolism due 
to the maintenance of an adequate CO2 
supply (L. A. Batista et al., 2010; Melo et al., 
2014). However, the water vapor efflux and 
CO2 influx share the same path through the 
stomatal pores on leaf surfaces (Martins et al., 
2016). This condition could compromise the 
photosynthetic efficiency of Hybrid 12 and 
Hybrid 15 if these genotypes did not present 
higher stomatal functionality.
Thus, we can state that the measured 
traits were promising for identifying the 
genetic variability among coffee genotypes, 
especially the anatomical traits. In addition, 
these traits were effective in the early 
identification of genotypes, as occurred with 
Hybrid 12 and Hybrid 15, which have important 
traits, with a higher genetic weight (heritability) 
in the phenotype to compose future crossing 
processes for selecting drought-tolerant 
genotypes.
Conclusions
There is genetic divergence among the 
15 studied Coffea canephora genotypes.
The phenotypic variation of the 
evaluated traits occurred predominantly due 
to genetic causes.
Genotype BRS 3213 has great genetic 
dissimilarity and constituted groups isolated 
from the other genotypes.
Stomatal density is the most efficient 
trait to explain the dissimilarity between 
genotypes.
Hybrid 12 and Hybrid 15 have leaf 
anatomical traits with a higher potential for 
drought tolerance.
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